A series of di-copper(I) complexes has been prepared via the reaction of copper(I) tetrafluoroborate, 2,6-diformylpyridine, 8-aminoquinoline, and a series of aliphatic diamines and 4-substituted anilines. To avoid a ''valence-frustrated'' state, involving a mismatch between the number of ligand donor atoms and the number of metal acceptor sites, the product structures formed selectively: One of the formyl groups of the diformylpyridine reacted specifically with the aminoquinoline, whereas the other formyl group reacted with the diamine or aniline. The observed selectivity was demonstrated to be thermodynamic in nature: When two dicopper complexes that were stable yet ''valencefrustrated'' were mixed, an imine metathesis reaction was observed to occur spontaneously to generate a ''valence-satisfied'' structure. In addition to control over the constitution of the ligands, we were able to exercise control over their relative orientations within the complex. Diamines exclusively gave structures in which the ligand exhibited a head-to-head orientation along the copper-copper axis to avoid stretching. Anilines gave predominantly head-to-tail structures, with the proportion of head-to-head isomer decreasing in complexes that incorporate more electron-deficient anilines and disappearing in less polar solvents. We also demonstrated the removal of the metals and the hydrogenation of the imine bonds to generate a molecule containing nonexchanging secondary amines, suggesting potential uses of this technique in the domain of organic synthesis.
A challenging problem in chemical synthesis is the direction of two different reagents to react at two equivalent sites upon a single substrate molecule. When such a reaction is carried out under thermodynamic control (1) , one may expect to generate mixtures of hetero-and homo-coupled products. This problem is compounded when one of the two reagents also possesses two reactive groups. Mixtures of oligomeric products are expected to form, as the difunctional starting materials combine to form polymeric chains and rings of different sizes (Eq. 1).
Various templating (2-9) and self-recognition (10-15) phenomena have been used to shape the thermodynamics of different self-assembly processes, to select a desired product or products from a dynamic library (16) (17) (18) (19) of structures. Here we show how this goal may be accomplished through the action of a pair of metal template ions (20) , which cooperatively direct each of the two equivalent aldehyde groups of a dialdehyde molecule to react with a different amine, forming two different imine (CAN) bonds selectively. The self-assembly of this system was directed by means of the number of acceptor sites present on the Cu I template ions and the number of donor sites present on the self-assembled imine ligands. When the number of donor sites cannot readily equal the number of acceptor sites, a ''valence-frustrated'' or ''incommensurate'' (21) state results, providing a potential driving force for covalent rearrangement into a ''valence-satisfied'' structure. In addition to the development of selectivity in the dynamic covalent (1) imine bond formation, means were also discovered to control the orientation of the self-assembled ligands with respect to each other, giving access to either ''head-to-head'' or ''head-to-tail'' configurations.
Results and Discussion
Preparation of Stable Valence-Frustrated Structures. As shown in Scheme 1, the reaction of diformylpyridine A and copper(I) tetrafluoroborate with aminoquinoline B or diamine C in acetonitrile solution generated helicate 1 or macrocycle 2, respectively. Both of these products appear to have D 2 symmetry by 1 H NMR between 203 and 298 K. It is possible that their true lowest-energy structures possess lower symmetry, and that they undergo fluxional interconversion between isoenergetic structures rapidly on the NMR time scale. This interconversion could lead to a time-averaged D 2 symmetry, as has been observed in structures similar to 2 (22) .
Despite their thermodynamic stability, complexes 1 and 2 are valence-frustrated: 1 is oversaturated, with five nitrogen donors per copper, and 2 is undersaturated, with only three such donors. In previously described subcomponent self-assembling systems involving copper(I) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) , subcomponents were chosen to generate ligands having the optimal number of four imine donors per copper, with the exception of cryptands containing three imine donors per copper(I) (34, 35) .
The expression of the template effect (20) in this system is shaped by the possibilities and preferences latent in the ligand subcomponents and the metal ions present in the system. These preferences define the energetic landscape within which selfassembly takes place, working together in parallel to direct the self-assembly process. In the present system, two conclusions may be drawn as to the system's preferences and possibilities based upon our experimental observations. First, dialdehyde A is well suited to generate multinuclear Cu I helical structures such as 1 and 2, and poorly suited to generate mononuclear complexes, despite the entropic driving force favoring complexes of lower nuclearity. A diimine formed by A may readily occupy three coplanar meridional coordination sites in an octahedral complex (36) , but its geometry is ill-suited to tridentate chelation within the pseudotetrahedral coordination environment favored by copper(I). Multinuclear helical complexes, in contrast, are well adapted to the preferred geometry of this metal ion (37) .
Second, any such dicopper helicate is guaranteed to be valence-frustrated if only one amine is used as a subcomponent. Structures such as 1 and 2 must contain a total of 4n ϩ 2 nitrogen donors, with the 4n deriving from the four subcomponent amines (two diamines in the case of 2) and the 2 coming from the two central pyridines. A mismatch must thus necessarily occur between these 4n ϩ 2 donors and the 4n coordination sites proffered by n copper(I) ions, with two unfulfilled coordination sites present at either ligand or metal.
A structure containing 12 coordination sites, ideal for three copper(I) ions, might be prepared from 4 equivalents each of A and C; no such structure was observed by electrospray ionization mass spectrometry (ESI-MS) or NMR when the reaction was tried using this stoichiometry. Our failure to observe such a structure suggested that the enthalpic penalty for valencefrustration was less than the entropic penalty for creating a large ''vernier'' (38) structure in which ligand and metal valences are matched. In similar fashion, NMR and ESI-MS spectra suggested that 2 was stable in the presence of additional Cu I , showing no tendancy to form an L 2 Cu 3 3ϩ structure, nor a circular helicate (3) or other larger assembly to fully satisfy metal and ligand valences.
Selectivity Through Relief of Valence Frustration. When A, B, and C are present simultaneously, the possibility exists of creating the dinuclear helical structure 3 in which both copper(I) ions and ligands are valence-satisfied: The ligand of 3 possesses 2 (from 2 ϫ A) ϩ 4 (from 2 ϫ B) ϩ 2 (from C) ϭ 8 nitrogen donor atoms, ideally matched to a pair of tetracoordinate copper(I) ions. Structure 3 was the unique product observed when its three precursor subcomponents were mixed with copper(I) (Scheme 2 Lower).
Complex 3 could also be prepared through mixing 1 and 2 together in acetonitrile solution (Scheme 2 Upper). The observation that 1 and 2 were capable of covalent imine metathesis to give 3 indicated that this compound's synthesis proceeded under thermodynamic control (1, 39) .
In the absence of copper(I), A, B, and C reacted to form a diverse dynamic library (16) (17) (18) (19) of product imines. ESI-MS indicated that this library included a variety of open-chain and macrocyclic products, the ligand of 3 being present only as a minority product. The addition of copper(I) to this mixture thus allowed us to solve the quandary posed by the system of Eq. 1: During the formation of 3, each of A's two aldehyde groups was directed to react with a different amine, selecting one unique structure from among a theoretically limitless collection of cyclic and linear oligomeric structures. The smallest valence-satisfied product was thus selected from among the members of this dynamic library of interconverting products.
X-ray quality crystals of 3 were grown through vapor counterdiffusion of diisopropyl ether into an acetonitrile solution. An ORTEP diagram of the structure is presented in Fig. 1 . The pseudotetrahedral coordination geometry of the copper(I) ions is flattened along the Cu-Cu axis, but no structural details suggest the presence of any great strain (26) .
Although the dynamic nature of the imine bonds of 3 played an essential role in its thermodynamic synthesis, it is useful to be able to ''turn off'' the possibility of dynamic exchange to create a structure that persists even in the absence of the metal templates. This goal was readily attained by treating 3 with sodium borohydride (40) to reduce the imine bonds to secondary amines, followed by potassium cyanide to remove the metal ions (41) , as shown in Scheme 3.
Substrate Generality. The ability to convert 3 into 4 brings this methodology into the realm of organic synthesis, allowing ready access to a product that could be difficult to prepare using other methods. Thus, we undertook to examine the scope and limitations of this reaction. A variety of different amines were tried in the self-assembly reaction shown in Scheme 4. These amines are listed in Table 1 .
Both aliphatic diamines C-E and aromatic monoamines F-J gave clean heteroligand formation, in which each of the formyl groups of A reacted with a different amine. ESI-MS indicated the Scheme 2. The preparation of ''valence-satisfied'' hybrid structure 3 from self-assembly of the free subcomponents (Lower) or from imine metathesis starting with a mixture of 1 and 2 (Upper).
clean formation of dicopper complexes of these heteroligands in all cases. In contrast, the aliphatic monoamines K-P gave ESI-MS and NMR spectra indicating complex mixtures of products. The lack of selectivity in the cases of aliphatic monoamines might be related to the lack of the secondary organizing interactions present in the other cases, such as -stacking and solvophobic effects (43) in the cases of anilines, and the chelate effect for diamines. Parasitic 1,3-proton shifts from the ␣-carbon of the amine to the aldehyde carbon might also be occurring in the cases of aliphatic amines; such shifts would be precluded in the cases of anilines and might create considerable strain during the rehybridization of a diamine's ␣-carbons from sp 3 to sp 2 (see Fig. 1 ). The 1 H and NMR spectra of the products obtained with diamines D and E were nearly identical in the aromatic region to the spectrum of 3 obtained from diamine C. The number of NMR signals observed indicated the presence of only a single product isomer for amines C-E. Models suggested that the diamine linker would be stretched into a high-energy configuration in a head-to-tail isomer, in contrast with the strain-free configuration of head-to-head 3 (Fig. 1) . Therefore, we concluded that the use of diamines C-E allowed the selection of the head-to-head product isomer as the unique product of the self-assembly process.
In contrast, when 4-substituted anilines were used in place of aliphatic diamines, NMR resonances corresponding to two distinct product isomers were observed in all cases in DMSO solution. Rotating-frame Overhauser effect spectroscopy (ROESY) and correlation spectroscopy (COSY) experiments (42) were used to assign the 1 H NMR spectra of the majority product isomer in the case of aniline G. The ROESY experiment showed through-space correlations that were consistent with the assigned structure of the head-to-tail isomer, but not with the head-to-head isomer. The most revealing of the observed ROESY correlations are shown as double-headed arrows in Scheme 4. The 1 H NMR spectra of the products derived from the different anilines were all similar in DMSO solution, having the same ordering of aromatic peaks of the same multiplicities, including those peaks corresponding to the minority isomer; the only exceptions were the phenylene resonances of the aniline residue. These observations were consistent with an assignment of the head-to-head isomer as the minority isomer for all of the anilines F-J.
Imine 1 H NMR signals separated by 80 Hz at 298 K corresponding to the head-to-head and head-to-tail isomers of the product formed from aniline G coalesced upon heating to 353 K in DMSO, reappearing as a single set of signals above this temperature. This experiment indicated a barrier to isomerization of Ϸ72 kJ⅐mol Ϫ1 at 353 K (42). This isomerization barrier is similar in magnitude to the racemization barrier (slightly above 67 kJ⅐mol Ϫ1 ) of structurally similar dicopper double-helicates (27) , which suggests that a similar mechanism, possibly involving partial dissociation of one or both ligands, might be operating in both racemization and isomerization.
We attribute the head-to-tail preference in the cases of structures derived from anilines F-J to the favorable dipoledipole interaction between the two head-to-tail ligand strands, based upon two observations. First, the less polar head-to-tail isomer is favored to a greater extent in less polar solvents, as measured by the Kamlet-Taft * parameter (44) . In the case of aniline G, the head-to-tail isomer is 81% present in DMSO (* ϭ 1.00), increasing to 88% in nitromethane (* ϭ 0.85) and becoming the only isomer observed in acetonitrile (* ϭ 0.75). Secondly, the presence of the head-to-tail isomer was also favored by the presence of an electron-poor aniline subcomponent, which would increase the magnitude of the ligand's dipole. From Table 1 , it can be seen that the proportion of head-to-tail isomer increases in going from electron-rich aniline F (72%) to electron-poor aniline J (88%) in DMSO.
The isolated yields of the reactions involving amines D-F and H-J were not measured, because these reactions were only carried out on a milligram scale in NMR tubes (as detailed in supporting information, which is published on the PNAS web site). These reactions appeared to proceed as cleanly as the reactions involving amines C and G, for which the isolated yields of 87% and 74% were obtained. Except in the cases of the very electron-deficient anilines I and J, where small amounts of 1 were found in the reaction mixture, we did not observe any parasitic side reactions during these self-assembly reactions, and no decomposition of any of these products was observed in solution over a time scale of weeks. The only limitations on the yields of these reactions appeared thus to be the difficulty of measuring the four subcomponents on a milligram scale and the difficulty of recovering the products. It is worth noting that this system is capable of forming a stable imine complex that incorporates the electron-deficient 4-nitroaniline J, although this complex forms less cleanly than in the cases of other anilines. In previous cases involving copper(I) mononuclear complexes and symmetrical dinuclear doublehelicates, very little incorporation of 4-nitroaniline was ever observed, which we attributed to its low nucleophilicity (32) . The observed stability in the present case may be due to stabilizing dipole-dipole interactions with the opposite ligand, or to delocalization of charge within the system of the ligand (the formation of a ''push-pull'' system). Neither of these interactions would be present in the previously described systems (32) .
Conclusions
The avoidance of valence frustration thus provides a new means of achieving selectivity in subcomponent self-assembly: ligands of the type (aminoquinoline)-(pyridine)-(amine) may be selectively prepared from mixtures of subcomponents. The resulting asymmetrical di-imines may be demetalated and ''fixed'' through hydrogenation to provide nonexchanging secondary amines. A wide range of anilines and primary aliphatic diamines took part in this reaction, with different subcomponents allowing the system to express further selectivities. The diamines generated exclusively head-to-head structures, and the anilines gave rise predominantly to head-to-tail structures. For the anilines, further fine control over the head-to-head͞head-to-tail ratio could be gained by varying the polarity of the solvent and the electronic nature of the aniline's 4-substituent. Control could thus be exercised over both the ordering and the orientation of the subcomponents.
Two subsequent directions of inquiry are foreseen to branch out from this study. First, the utility of this reaction in organic synthesis will be developed further. Polyamines have a rich set of applications ranging from pharmaceuticals (45) to selfassembled nanostructures (46) ; generalization of this technique may allow it to be of use within the toolbox of organic synthesis. Second, the asymmetrical head-to-head and headto-tail motifs shown in Scheme 4 may be of use as subunits in larger assemblies. The use of a rigid dianiline subcomponent, for example, may allow for the preparation of a circular helicate (3).
Materials and Methods
General. All manipulations were carried out in degassed solvents using reagents of the highest commercially available purity. Cu(NCMe) 4 BF 4 was prepared following literature procedures (47) . The 1 H NMR spectra of 1, 2, 3, and 4 were assigned with the help of COSY, ROESY, NOESY, HSQC, and HMBC measurements (42) . NMR spectra were referenced to the residual 1 H or 13 C signal of the solvent. The general procedure and characterization data for the products of the self-assembly reactions involving amines C-J (Table 1) Table 1 . Mono-and di-amines employed in the self-assembly reaction of Scheme 4, and the proportion of head-to-head isomer observed in DMSO solution at equilibrium as determined by 1 
H integration (remainder is head-to tail)
Amine % Head-to-head X indicates that the reaction gave multiple products.
Hz Preparative Synthesis of 4. A solution of NaBH 4 (24.7 mg, 0.654 mmol) in MeOH (8 ml) was added to a deoxygenated solution of complex 3 (30.6 mg, 0.033 mmol) in MeCN (5 ml), resulting in gas evolution. The color immediately darkened and a black precipitate appeared. This mixture was stirred at room temperature overnight. The orange solution was then filtered through a plug of cotton wool in a Pasteur pipette directly into a solution of KCN (42.6 mg, 0.654 mmol) in MeOH (2 ml). The resulting yellow solution was stirred at room temperature for 1 h. Solvents were then evaporated, and the product was dissolved in dichloromethane (10 ml). This solution was washed with three portions of water (20 ml each), and the organic solvents were evaporated. The residue was then dissolved in MeOH and the product was precipitated through addition of water. The viscous orange oil was then filtered and dried under vacuum to give 13.2 mg (62.4%) of product. 1 
